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Materials and Methods
Experimental method
A single crystal sample was grown by the vertical Bridgman method (21). The sample was
mounted in a Teflon cell with a deuterated glycerin as a pressure medium so that the horizontal
plane is the ab plane. The Teflon cell was installed in a piston-cylinder clamped cell made
of CuBe-alloy. We performed the INS study under pressures using the high resolution chopper
spectrometer (HRC) at J-PARC/MLF in Japan (28–30) and cold neutron triple-axis spectrometer
CTAX at ORNL in USA. The details of the experimental setups including the name of the
spectrometer, sample mass, applied pressure, the energy of the neutron, and the temperature are
summarized in Table S1.
Setup Instrument Sample mass (g) Pressure (GPa) Ei or Ef (meV) Base Temperature (K)
1 HRC 0.75 0.0 8.11 6
2 HRC 0.35 0.3 5.08 2.7
3 HRC 0.46 1.4 3.05 0.9
4 CTAX 0.46 1.4 3.5 1.5
5 CTAX 0.35 0.0, 1.4 3.5 1.5
6 CTAX 0.35 0.3 3.5 1.5
7 CTAX 0.37 0.6 3.5 1.5
8 CTAX 0.37 0.8, 0.9, 1.1 3.5 0.3
Table S1: The different setups used for INS measurements under pressures. INS measurements
were operated with fixing energies of incident neutron Ei for HRC and final neutron Ef for
CTAX. Regarding to cryostats, we used the closed cycle refrigerator for Setups 1 and 2, the 4He
cryostat for Setups 4, 5, 6 and 7, and 3He cryostat for Setups 3 and 8.
In the HRC experiment, the pressure cell was installed into the closed-cycle 4He cryostat
for 0.0 and 0.3 GPa, and the 3He cryostat for 1.4 GPa. The energies of the incident neutron
were Ei = 8.11 meV for 0.0 GPa, Ei = 5.08 meV for 0.3, and Ei = 3.05 meV for 1.4 GPa.
Figures S1(a) and S1(b) show the INS spectra at 2.7 K and 100 K under 0.3 GPa measured
at HRC. At 2.7 K, flat excitations are observed at 0.9 meV and 1.5 meV in addition to the
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dispersive excitation below 1.0 meV. These flat excitations remain at 100 K even though the
dispersive one disappears. The INS spectra at 0.9 K and 100 K under 1.4 GPa are shown in
Figs. S1(d) and S1(e). At 0.9 K, strong intensity is observed around q = 0 in addition to the
dispersive excitation, and it remains at 100 K. We thus presume that the data measured at 100
K was the background from the pressure cell and cryostat. Then, the data at base temperatures
for 0.3 GPa and 1.4 GPa were subtracted by the background as shown in Figs. S1(c) and S1(f).
Figure S1: Temperature evolution of the INS spectra obtained at HRC at (a) 2.7 K, (b) 100 K
under 0.3 GPa and at (d) 0.9 K and (e) 100 K under 1.4 GPa. The INS spectra under (c) 0.3 GPa
and (h) 1.4 GPa are subtracted by the backgrounds at 100K.
In the CTAX experiment, the cell was installed into the 4He cryostat for 0.0, 0.3, 0.6, and
1.4 GPa, and 3He cryostat for 0.8, 0.9, and 1.1 GPa. The energy of the final neutron was fixed
to be Ef = 3.5 meV.
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Extended Spin-Wave Theory for Triangular Antiferromagnet
Hamiltonain
The spin Hamiltonian for the triangular antiferromagnet CsFeCl3 is given by the following
form:
H =
∑
i
HDi +
chain∑
〈i,j〉
Hcij +
plane∑
〈i,j〉
Habij , (S1)
where
HDi = D (Szi )2 , Hcij = JcSi · Sj , Habij = JabSi · Sj . (S2)
In Eq. (S1), the summation
∑chain
〈i,j〉 and
∑plane
〈i,j〉 are taken over the nearest neighbor spin pairs
along the c-axis and in the ab-plane, respectively. Jc is strong ferromagnetic (Jc < 0) and Jab is
weak antiferromagnetic (Jab > 0).
As observed by the neutron scattering measurement, the 120◦ structure in the ab-plane is
stabilized. In this structure, the angle of the magnetic moment measured from the x-axis is
expressed as φi = Q · ri + φ0 with Q = 13a∗ + 13b∗. Here, ri represents the position of the i
site. a∗ and b∗ are reciprocal lattice vectors. φ0 represents the phase of the 120
◦ structure. It
does not affect the result.
For the 120◦ strucure, we introduce a local ηζξ coordinate at each i site. Here, the η-axis
is taken along the ordered moment on the xy-plane, as shown in Fig. 4(b) in the original
paper (18,32,33). The ζ-axis is chosen perpendicular to the η-axis on the xy-plane. In the ηζξ
coordinate, the spin operator is transformed as
SxiSyi
Szi

 =

cosφi − sin φi 0sinφi cosφi 0
0 0 1



S
η
i
Sζi
Sξi

 . (S3)
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The Hamiltonian is then expressed as
HDi = D
(
Sξi
)2
,
Hcij = Jc
(
Sηi S
η
j + S
ζ
i S
ζ
j + S
ξ
i S
ξ
j
)
,
Habij = Jab cos φij(Sηi Sηj + Sζi Sζj + Sξi Sξj ) + Jab sin φij(Sηi Sζj − Sζi Sηj ). (S4)
Here, φij = φi − φj . The longitudinal and transverse spin fluctuations of the ordered moment
are decoupled in the diagonal Sηi S
η
j +S
ζ
i S
ζ
j +S
ξ
i S
ξ
j term. On the other hand, they are hybridized
by the cross Sηi S
ζ
j − Sζi Sηj term in noncollinear states (sin φij 6= 0), as we will see below.
Mean-field solution
At each site, the mean-field Hamiltonian is expressed as
HMF = D (Sξ)2 + (2Jc + 3Jab)Sη〈Sη〉. (S5)
Here, 〈Sη〉 represents the expectation value of the moment of the local ground state. Note that
the mean-field solution is the same at all site in the local ηζξ coordinate. The mean-field ground
and excited states are given by (18)
|G〉 = u|0〉+ v√
2
(|1〉+ | − 1〉) ,
|L〉 = −v|0〉+ u√
2
(|1〉+ | − 1〉) ,
|T 〉 = 1√
2
(−|1〉+ | − 1〉) . (S6)
Here, |G〉 is the ground state, while the longitudinal |L〉 and the transverse |T 〉 states are the
second and the first excited states, respectively. The expectation value of the moment is ex-
pressed as 〈Sη〉 = 〈G|Sη|G〉. In the disordered phase, u = 1 and v = 0. In the ordered phase,
they are given by (18)
u =
√
1
2
(
1 +
D
Jeff
)
, v =
√
1
2
(
1− D
Jeff
)
, (S7)
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with
Jeff = 2(2Jc + 3Jab). (S8)
The parameters D, Jc, and Jab change with pressure. The quantum critical point is expressed
by D = Jeff .
On the basis of the |G〉, |L〉, and |T 〉 states, spin operators at each site are expressed in the
following matrix form (18):
Sη =

 2uv u2 − v2 0u2 − v2 −2uv 0
0 0 0

 , Sζ =

 0 0 −iu0 0 iv
iu −iv 0

 , Sξ =

 0 0 −v0 0 −u
−v −u 0

 .
(S9)
As shown in Fig. 1(a) in the original paper, the |L〉 state can be excited from the ground state
by the longitudinal (Sη) component, while the |T 〉 state is excited by the transverse (Sζ and Sξ)
components. This indicates that the |L〉 and |T 〉 states are accompanied by the longitudinal and
transverse spin fluctuations, respectively. Since u ≫ v in the vicinity of the quantum critical
point, Sζ dominates the excitation of the |T 〉 state. This means that the transverse fluctuation is
restricted in the ab plane by the strong easy-plane anisotropy.
Magnetic excitations
The extended spin-wave theory (ESW) was introduced to study excited states in quadrupole
ordered phase in f electrons systems (23, 34). It is equivalent to the harmonic bond-operator
formulation (24) introduced to study bilayer spin system (25), which was also applied to inter-
acting spin dimer systems (26, 27). The ESW has advantage to study spin systems with various
types of complex anisotropies (34). We briefly introduce the formulation and explain how the
hybridization of the |L〉 and |T 〉 states is brought about in one-magnon process in noncollinear
states.
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The characteristic point of the ESW is that bosons are introduced for the local excited states
(23). On the basis of the mean-field solution, the mean-field Hamiltonian at each site is ex-
pressed as (18)
HMFi =
∑
m=T,L
Ema
†
imaim, (S10)
where Em is the energy eigenvalue of the excited state measured from the ground state. a
†
im and
aim are creation and annihilation Bose operators for the |m〉 state at the i site, respectively (23).
Equation (S10) represents that there are two (m = L, T ) local excited states at each site.
The intersite interactions give rise to dynamics of bosons. First, we consider Hcij in Eq.
(S4). The hopping process is expressed as
Hc(hop)ij = Jc
∑
α=η,ζ,ξ
∑
m=T,L
|m〉〈m|Sαi |G〉〈G|Sαj
∑
n=T,L
|n〉〈n|+ h.c.
= Jc
∑
mn=T,L
∑
α=η,ζ,ξ
〈m|Sαi |G〉〈G|Sαj |n〉a†imajn + h.c.
= Jc
[
〈L|Sηi |G〉〈G|Sηj |L〉a†iLajL +
∑
α=ζ,ξ
〈T |Sαi |G〉〈G|Sαj |T 〉a†iTajT
]
+ h.c. (S11)
Here, the first (second) term describes hopping of the |L〉 (|T 〉) state. It is caused by the longitu-
dinal (transverse) component of the spin operator, as shown in Fig. S2(a). As for the transverse
component, Sζ dominates the excitation. In addition to the hopping process, there are pair
creation and annihilation processes. They are expressed as
Hc(pair)ij = Jc
∑
mn=T,L
∑
α=η,ζ,ξ
〈m|Sαi |G〉〈n|Sαj |G〉a†ima†jn + h.c.
= Jc
[
〈L|Sηi |G〉〈L|Sηj |G〉a†iLa†jL +
∑
α=ζ,ξ
〈T |Sαi |G〉〈T |Sαj |G〉a†iTa†jT
]
+ h.c.(S12)
These processes are shown in Fig. S2(b). Since the cosine term of Habij in Eq. (S4) is diagonal
for the |L〉 and |T 〉 states, the hopping, pair creation, and pair annihilation processes are also
7
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Figure S2: Schematic of hopping and pair creation processes. (a) and (b) are for diagonal
processes for the |L〉 and |T 〉 states. (c) and (d) are for off-diagonal processes for the |L〉 and
|T 〉 states. The ellipse represents the created pair of excited states.
expressed by Eqs. (S11) and (S12) with the replacement of Jc → Jab cosφij . Therefore, the |L〉
and |T 〉 states are not hybridized by the above processes. On the other hand, the two states are
hybridized by the sine term ofHabij as in the following from:
Hab(sin)(hop)ij = Jab sin φij
[
〈L|Sηi |G〉〈G|Sζj |T 〉a†iLajT − 〈T |Sζi |G〉〈G|Sηj |L〉a†iTajL
]
+ h.c.,
Hab(sin)(pair)ij = Jab sin φij
[
〈L|Sηi |G〉〈T |Sζj |G〉a†iLa†jT − 〈T |Sζi |G〉〈L|Sηj |G〉a†iTa†jL
]
+ h.c.
(S13)
These processes are shown in Figs. S2(c) and S2(d). We emphasize that such processes for
the LT-hybridization can only exist in noncollinear ordered states, i.e. sin φij 6= 0, and play
important role in magnon dynamics in the vicinity of the quantum critical point.
Dispersion relations of the magnetic excitation modes, dynamical spin correlation function,
and INS spectra are obtained by the ESW. Details are described in Refs. 18, 23, and 35.
8
Figure S3: Calculated INS spectra at various pressures. (a) for 0 GPa, (b) for 0.3 GPa, (c)
for 0.85 GPa, (d) for 1.1 GPa, (e) for 1.4 GPa, (f) for 2.0, and (g) for 4.0 GPa. The critical
pressure is around 0.85 GPa. In the ordered phase, the red and black lines are for the low-
energy Eq±Q,1 and the high-energy Eq±Q,2 modes, respectively. Calculated spectra dropping
the LT-hybridization terms are also shown in (h) for 1.1 GPa, (i) for 1.4 GPa, (j) for 2.0 GPa,
and (k) for 4.0 GPa.
9
Evolution of Calculated Neutron Spectra by Pressure
As in the original paper, we introduce the following linear pressure dependences in D, Jc, and
Jab:
D (meV) =2.345 + 0.365× p, (S14)
Jc (meV) =− 0.5− 0.14× p, (S15)
Jab (meV) =0.0312− 0.0015× p. (S16)
Calculated INS spectra at various pressure are shown in Figs. S3(a)-S3(g). In the disordered
phase (p < pc), single dispersion having two-fold degeneracy is reproduced with energy gaps
at q = (−1/3, 2/3, 0) and (−2/3, 4/3, 0). The gap is softened at the critical pressure pc(= 0.85
GPa). In the ordered phase (p > pc), the mode splits into low- and high-energy modes of
ω = Eq,1 and Eq,2, respectively. The former is gapless, while the latter is gapped.
In noncollinear ordered states, Eq,ℓ, Eq+Q,ℓ, and Eq−Q,ℓ (ℓ = 1, 2) modes are observable
in general by INS measurements. In the CsFeCl3 case, the Eqℓ mode is observable via the
dynamical spin correlation function Szz(q, ω), while the both Eq±Qℓ modes are observable via
Sxx(q, ω) and Syy(q, ω). Owing to the strong easy-plane anisotropy of theD term, the intensity
of Szz(q, ω) is strongly suppressed and the Eq,ℓ mode is hard to detect in CsFeCl3. This means
that the spin fluctuations are restricted in the ab plane and we only plot the four Eq±Q,ℓ (ℓ=1,2)
modes in Fig. S3.
Just above pc, we show such split modes of Eq±Qℓ (ℓ=1,2) in Fig. S3(d). We can notice that
the strong intensity region traces the single mode in the disordered phase. This indicates that
the INS spectra continuously evolves through the critical pressure and satisfies the property of
the second-order phase transition. At 1.4 GPa [see Fig. S3(e)], the low- and high-energy modes
split more and the shape of the strong intensity begins to deviate from the single mode in the
disordered phase. Under high pressures [see Figs. S3(f) and S3(g)], the gapped modes shift to
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higher energy and lose intensity. At 1.4 GPa, where the present measurements were performed,
we can observe the intermediate feature of such continuous transition of the magnetic excitation
from the disordered to the ordered phases. Thus, we notice that the observed high energy mode
in Fig. 2(c) at 1.4 GPa in the original paper is the remnant of the single mode in the disordered
phase.
In the vicinity of the critical pressure, the energy levels of the |L〉 and |T 〉 states are very
close. In addition to this, the matrix element for the LT-hybridization is large. These lead to
the strong hybridization between the |L〉 and |T 〉 states in one-magnon level and the excitation
energies are strongly renormalized. As the result, the novel excitations are formed, i.e. the
both low- and high-energy modes are accompanied by the strong longitudinal and transverse
fluctuations of the ordered moment. We can see this point by comparing Figs. S3(d)-S3(g) with
Figs. S3(h)-S3(k), where the LT-hybridization terms given by Eq. (S13) are dropped in the latter
figures. When the hybridization terms are dropped, the formulation is not valid any more and
we fail in reproducing the continuous evolution of the INS spectra through the critical pressure.
Thus, the LT-hybridization cannot be ignored and is inevitable for the correct formulation. It
ensures the continuous evolution of the INS spectra and leads to the novel excitation modes in
the vicinity of the quantum critical point in noncollinear magnets.
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[One sentence summary] Nontrivial hybridization of longitudinal and transverse spin fluctuations
induced by noncollinearity of a spin structure is reported.
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Investigation of materials that exhibit quantum phase transition provides valu-
able insights into fundamental problems in physics. We present neutron scat-
tering under pressure in a triangular-lattice antiferromagnet which has a quan-
tum disorder in the low-pressure phase and a noncollinear structure in the
high-pressure phase. The neutron spectrum continuously evolves through the
critical pressure; a single mode in the disordered state becomes soft with the
pressure, and it splits into gapless and gapped modes in the ordered phase.
Extended spin-wave theory reveals that the longitudinal and transverse fluctu-
1
ations of spins are hybridized in the modes because of the noncollinearity, and
novel magnetic excitations are formed. We report a new hybridization of the
phase and amplitude fluctuations of the order parameter in a spontaneously
symmetry-broken state.
For the understanding of condensed matter, investigation of the collective excitation in low
energy range is indispensable. According to the quantum field theory, the excitation in the
system with spontaneously symmetry broken is characterized by the phase and amplitude fluc-
tuations of the order parameters. The former is known as the Nambu-Goldstone (NG) mode,
and the latter is called as the amplitude mode. Even though these modes are usually separated,
they are hybridized under some conditions, and interesting phenomena are induced; for example
in a crystal lattice system, acoustic phonon (NG mode) and optical phonon (amplitude mode)
are hybridized thorough anharmonic terms in a thermoelectric material PbTe, which renormal-
izes the phonon spectrum and leads to low thermal conductivity and high figure of merit in
thermoelectric property (1). Such a hybridization effect could exist in other types of elementary
excitations, but no research has been reported to our knowledge. One of the reasons is that
the amplitude mode itself is not trivial in other systems: superconductors (2), charge density
wave (3), ultra-cold atoms (4), and insulating antiferromagnets. The existence of the amplitude
mode in the antiferromagnets requires strong fluctuation of magnetic moment and the system
location near a quantum critical point (QCP). So far it has been found in a number of spin sys-
tems free from geometrical frustration such as quasi-one-dimensional chains (5,6), dimer (7–9),
square lattice (10), and two-leg ladder antiferromagnet (11). In magnets in the presence of ge-
ometrical frustration which could induce the hybridization of the modes, on the other hand,
magnon excitations from ordered states have been less focused these days (12), even though
fractional excitations in spin liquid have been intensively studied (13–15). Particularly, the col-
lective excitations from a noncollinear spin structure in geometrical frustrated lattice near QCP
2
Figure 1: (a) Schematic diagram of the S = 1 easy-plane antiferromagnet. In the ordered state,
the doublet excited states |±1〉 splits into |L〉 and |T〉. Here, the former and latter have longitu-
dinal and transverse fluctuations, respectively. (b) Crystal structure of CsFeCl3 with the space
group P63/mmc (16). Magnetic Fe
2+ ions having pseudo-spin S = 1 form one-dimensional
chains along the crystallographic c axis, and the chains form the triangular lattice in the ab plane.
Red and blue lines indicate the intrachain interaction Jc and interchain/intratriangle interaction
Jab, respectively.
has not been studied, and its investigation is of primary importance to discover a novel state and
to advance the physics of the frustration and quantum criticality.
Spin S = 1 easy-plane antiferromagnet is one of the prototypical quantum spin systems
that allow to explore nature of the quantum phase transition (QPT) (17, 18). The Hamiltonian
is expressed by H = ∑iD(SZi )2 +∑i,j JijSi · Sj, where Si is the spin operator at the i site.
The first termD is positive and gives an easy-plane single-ion anisotropy. The second term is a
Heisenberg interaction with Jij > 0 for an antiferromagnetic coupling. The positiveD splits the
triplet S = 1 states into the singlet ground state SZ = 0 and the doublet excited states SZ = ±1,
and favors a quantum disordered (QD) state as shown in the left in Fig. 1(a). By contrast, the
spin interaction Jij allows the system to occur the magnetic long-range order (LRO).
3
In the LRO phase, the energy eigenstates changes as shown in the right in Fig. 1(a). Here,
|G〉 is the ground state, while |T 〉 and |L〉 are excited states. They are given by |G〉 = u|0〉 +
v/
√
2(|1〉+|−1〉), |T 〉 = 1/√2(−|1〉+|−1〉), and |L〉 = −v|0〉+u/√2(|1〉+|−1〉)with u2+
v2 = 1. u and v are determined byD and Jij . In the ordered phase, v 6= 0 and a finite magnetic
moment appears in the ab plane (17, 18). We separate the spin operator into longitudinal (S‖)
and transverse (S⊥) components relative to the local ordered moment. Remarkable feature is
that the second excited state |L〉 can be excited only by the longitudinal component S‖, while
the first one |T 〉 can be excited by the transverse component S⊥.
The excited states at a local site are, thus, separated into two states having longitudinal and
transverse fluctuations. Indeed the studies in the square lattice predicted an enhanced ampli-
tude/longitudinal mode as one-magnon excitation in addition to the NG/transverse mode in the
LRO phase near the QCP (10, 17). In the collinear magnetic structure in general, the transverse
and longitudinal fluctuations are not hybridized, and they are separated (5–11). In the geomet-
rically frustrated spin system, on the other hand, these fluctuations could be hybridized because
of the noncollinearity of the magnetic structure. This point was theoretically investigated in the
continuum-like spectra in the S = 1/2 and S = 3/2 systems, where the longitudinal fluctu-
ation stems from two-magnon process (19). Since S = 1 easy-plane antiferromagnet has the
longitudinal fluctuation in one-magnon process, in contrast, the two fluctuations hybridize in
one-magnon level and a novel excited state may appear as a well-defined eigen mode. Detail of
such a study, however, has not been reported neither in experiment nor theory.
CsFeCl3 is a model material for the S = 1 easy-plane triangular antiferromagnet as shown
in Fig. 1(b). The inelastic neutron scattering (INS) study at ambient pressure revealed that the
ferromagnetic chains along the c axis are antiferromagnetically coupled in the ab plane (20).
The ground state is QD state because of large single-ion anisotropy. The magnetic susceptibil-
ity measurement under pressures exhibited a pressure-induced magnetic order above a critical
4
pressure of about 0.9 GPa (21). Owing to the strong easy-plane anisotropy, the ordered moment
aligns in the ab plane. The neutron diffraction evidenced the noncollinear 120◦ structure in
the LRO phase (22). CsFeCl3 is, thus, a promising host for the pressure-induced QPT in the
geometrically frustrated lattice.
The INS spectrum measured at 0.0 GPa by using a chopper spectrometer in Fig. 2(a) ex-
hibits a single dispersive excitation with the energy gap of 0.6 meV at the wave vectors q =
(−k, 2k, 0) for k = 1/3 and 2/3, which is consistent with previous report (20). The energy gap
at 0.3 GPa in Fig. 2(b) becomes softened when approaching the ordered state (22). Qualitatively
different spectrum is observed in the ordered state at 1.4 GP in Fig. 2(c). A well-defined gap-
less excitation emerges at k = 1/3 and 2/3 and another dispersive excitation with the minimum
energy transfer (h¯ω) of 0.55 meV are observed in the higher energy range.
The INS spectra at 1.4 GPa were collected also by using a triple-axis spectrometer in order
to cover wide h¯ω - q range as shown in Fig. 3(a). The spectral lineshapes at k = 1/3 and 2/3 are
rather asymmetric, and they are fitted by double Gaussians. Broad excitation is observed at k =
5/6, and they can also be reproduced by double Gaussians, the widths of which are substantially
wider than the experimental resolution. The peak energies are overplotted in Fig. 2(c) by red
diamonds. The excitation looks similar to the single dispersive excitations with the anisotropy
gap at 0.0 and 0.3 GPa.
The pressure evolution of the energy gap at q = (−1/3, 2/3, 0) is shown in Fig. 3(b).
The excitations at 0.0, 0.3, and 0.6 GPa show that the gap is suppressed with the increase
of pressure. At 0.8, 0.9, and 1.1 GPa, the gap position cannot be identified, and the broad
excitations are observed below 1.0 meV. This implies that the system is near the QCP at these
pressures. At 1.4 GPa, the excitation appears at 0.55 meV, which corresponds to the high energy
mode in Fig. 2(c). The intensity of the excitation at 1.4 GPa in Fig. 3(b) is weak compared with
those in the QD phase. This is because the most of the magnetic intensity is concentrated at the
5
Figure 2: Inelastic neutron scattering spectra obtained at a chopper spectrometer under (a) 0.0
GPa at 6 K, (b) 0.3 GPa at 2.7 K and (c) 1.4 GPa at 0.9 K sliced by the energy transfer - wave
vector (h¯ω - q) plane for q = (−k, 2k, 0). The yellow circles, squares, and red diamonds
are the peak positions of the excitations obtained from the constant-q scans using a triple-
axis spectrometer. The solid yellow curves are the dispersions calculated by ESW. Calculated
neutron cross-section by the ESW under (d) 0.0 GPa, (e) 0.3 GPa, (f) 1.4 GPa, and (g) 4.0 GPa
at 0 K. Calculated neutron cross-section in the absence of the cross term in Eq. (2) under (h)
4.0 GPa and (i) 1.4 GPa at 0 K. The black and red solid curves in (f)-(i) are gapless and gapped
modes, respectively. More detailed pressure dependence of the calculated spectra is shown in
Fig. S3 in supplementary material.
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Figure 3: (a) Constant-q scans at (−k, 2k, 0) under 1.4 GPa measured at a triple-axis spectrom-
eter. Blue curves are the fitting result by Gaussian/pair Gaussian. Green dashed bars indicate
the experimental resolution. (b) Pressure evolutions of the constant-q scans at (−1/3, 2/3, 0)
obtained at a triple-axis spectrometer. The black dashed curve is a Gaussian function of the in-
coherent scattering at 1.4 GPa with the FWHM of 0.17 meV. (c) Phase diagram of the pressure-
induced QPT in CsFeCl3, which is obtained from energy gaps ∆ and transition temperatures
TN (22). Red and blue curves are guides for eyes. (d) Pressure dependence of the excitation
energies at (−1/3, 2/3, 0) calculated by the ESW. Above 0.9 GPa, the blue and red curves are
the excitations of gapless and gapped modes. The circles are peak energies evaluated from the
constant-q scans.
7
magnetic Bragg peak due to the long-range ordering. The energies of the gap at 0.0, 0.3, and
0.6 GPa and the transition temperatures obtained both in the present and previous (22) studies
are plotted in Fig. 3(c).
In order to discuss the obtained spectra, the one-magnon cross section was calculated based
on the extended spin-wave theory (ESW) (23). It is equivalent to the harmonic bond-operator
theory (24–27), and is convenient to apply complex spin systems such as noncollinear ordered
states (18). For CsFeCl3, we study the following Hamiltonian:
H =
∑
i
D (Szi )
2 + Jc
chain∑
〈i,j〉
Si · Sj + Jab
plane∑
〈i,j〉
Si · Sj, (1)
where the sum is taken over the exchange interactions Jc and Jab as shown in Fig. 1(b). The
relation between the crystallographic axes and the global xyz coordinate of the spin system is
shown in Fig. 4(a). Here, we focus on the last term and rewrite it as Hab =
∑plane
〈i,j〉 Habij with
Habij = JabSi ·Sj . Introducing creation and annihilation Bose operators for the local longitudinal
(|L〉) and transverse (|T 〉) excited states (23), we can see thatHabij brings about dynamics of the
excited states as Habij = Jab
∑
mn=L,T 〈m|Si|G〉 · 〈G|Sj|n〉a†imajn. In the local ηζξ coordinates
shown in Fig. 4(b),Habij is expressed as
Habij = Jab
[
cosφij(S
η
i S
η
j + S
ζ
i S
ζ
j ) + S
ξ
i S
ξ
j + sinφij(S
η
i S
ζ
j − Sζi Sηj )
]
. (2)
Here, φij = φi − φj , and φi represents the angle of the magnetic moment at the i site. The
first two (ηη + ζζ and ξξ) terms are diagonal for the |L〉 and |T 〉 states, while the last cross
(ηζ − ζη) term leads to hybridization between the |L〉 and |T 〉 states (LT-hybridization). For
instance, the |T 〉 state can move from the j site to the i site and change into the |L〉 state (see Fig.
4(c)). This process is described as Jab sinφij〈L|Sηi |G〉〈G|Sζj |T 〉a†iLajT . In the same way, pair
creation process is described as Jab sin φij〈L|Sηi |G〉〈T |Sζj |G〉a†iLa†jT . The detailed description of
the processes is summarized in Fig. S2 in the supplementary material. We emphasize that one-
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Figure 4: (a) Relation between the global xyz coordinate and the crystallographic axes. (b)
Relation between the global xyz coordinate and the local ηζξ coordinate. φ is the angle of the
local magnetic moment measured from the x-axis. η-axis (ζ-axis) is taken parallel (perpendic-
ular) to the moment in the ab plane. (c) Schematic of transition from |T 〉 state to |L〉 states via
the intersite interaction. Mi represents the magnetic moment at the i site.
magnon processes for the LT-hybridization can only exist in noncollinear states, i.e. sinφij 6= 0
in Eq. (2).
The spin interactions and anisotropy are parametrized by comparing the experiment and
calculation, and they are represented as a function of the pressure by the linear-interpolation as
follow: Jc (meV) = −0.5 − 0.14 × p, Jab (meV) = 0.0312 − 0.0015 × p, and D (meV) =
2.345 + 0.365 × p, where the p (GPa) is the value of pressure. Pressure dependences of the
excitation energies at q = (−1/3, 2/3, 0) are indicated by circles and solid curves in Fig. 3(d).
The data are reasonably reproduced by the calculation within the linear pressure dependence in
Jc, Jab, and D. The calculated dispersion relations obtained by using the extracted parameters
are indicated by the solid yellow curves in Fig. 2(a)-2(c), and the calculation is consistent with
the experiment both in the QD and LRO phases. Furthermore, the calculated INS spectra in
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Figs. 2(d)-2(f) also reproduce the observed ones.
To understand effects of the LT-hybridization, we demonstrate the INS spectra after drop-
ping the cross term in Eq. (2). The results are shown in Figs. 2(h) and 2(i), where the gapless
(gapped) modes are pure transverse (longitudinal) modes in this case. With the increase of pres-
sure from 1.4 to 4.0 GPa, the longitudinal modes shift to high-energy region and lose intensity,
as in the collinear case of TlCuCl3 (8). When the LT-hybridization is taken into account, off-
diagonal elements between the |L〉 and |T 〉 states lead to level repulsion. Far from the QCP (p =
4.0 GPa), the INS spectrum is not affected by the hybridization [compare Figs. 2(g) and 2(h)].
By contrast, the spectrum is strongly renormalized by the hybridization near the QCP [compare
Figs. 2(f) and 2(i)] and novel magnetic excitations are formed; the both gapless and gapped
modes are accompanied by strong longitudinal and transverse fluctuations. Interestingly, shape
of the INS spectrum resembles that in the QD phase [compare Figs. 2(e) and 2(f)]. Note that
the spectrum continuously evolves through the QCP and the property of the second-order phase
transition is ensured by taking the LT-hybridization into account. Thus, the LT-hybridization
plays an important role in magnon dynamics in noncollinear magnets near QCP. The INS mea-
surements in CsFeCl3 revealed this by the fine tuning of pressure through the QCP.
Since the newly found excitation exists in a noncollinear spin structure, the search of the
excitation in different types of noncollinear structures such as cycloidal structure, all-in all-out
structure, skyrmion lattice, etc., would be interesting topics. Search of the hybridized mode in
other systems including charge density wave, spin density wave, ultra-cold atoms, etc., would
be important. Finally, the effect of the hybridization to the lifetime of the magnon and other
elementary excitations would be also interesting.
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